This paper describes a temporal carrier based Heterodyne Interferometer and associated phase demodulation techniques which are suitable for phase imaging of live cells. A Mach-Zehnder Interferometer is integrated to the microscope and two acousto-optic modulators are employed, to generate a temporal carrier that allows heterodyne approach to phase demodulation. Two demodulation schemes are presented: (a) Digital heterodyne phase extraction technique to extract the static phase information of the carrier signal, and (b) dynamic phase extraction technique for extracting phase variation in the carrier signal. The Heterodyne interferometer enables fast phase imaging and coupled with digital heterodyne phase extraction process, the system provides excellent temporal phase stability (standard deviation < 2 nm for 16 second measurement). This technique is employed for quantitative phase imaging of 3T3 fibroblast cells immersed in cell media. When there is phase variation, the temporal carrier signal is modulated and its instantaneous frequency is directly related to the variation. The dynamic phase extraction technique first determines the instantaneous frequency, which is then integrated with respect to time to obtain timevarying phase. The algorithm is able to extract a time varying phase, caused by a stimulated vibration at 30 Hz and 40 nm amplitude.
INTRODUCTION
Optical techniques being non-invasive play important role in investigating living biological cells, which is required for basic biological research and application like development of drugs. Phase contrast and differential interference contrast (DIC) techniques could be used but they provide only qualitative information. Popescu 1 et al reports different quantitative techniques developed for various cell measurements and also state that all current techniques employ interferometry method.
The cells act as a phase object and any change in their state would introduce proportional phase shift in the transmitted light beam. The phase change depends upon the thickness and the refractive index of the cell. Changes in thickness are affected by the properties of the cell-membrane. One of the interesting phenomena observed is the flickering (vibrations) in the red blood cells, with amplitude in the range 2 of 10 -400 nm and frequency ranging from 3 0.2 -30 Hz. This phenomenon depends on the mechano-chemical dynamic assembly of the membrane skeleton, induced by the presence of MgATP. Such behavior is reported to be observed in other cells when under stress [4] [5] [6] [7] . Therefore quantified measurement of spatial and temporal phase changes would provide invaluable information about the state of the cell.
Temporal and spatial phase modulation interferometry techniques are commonly used for sub-fringe measurements and generally temporal phase-shifting is more commonly used. Popescu 8 et al, Whelan 4 et al and Brazhe 9 et al have reportedly used temporal phase shifting techniques for studying changes in live cells. However, all temporal phase shifting techniques suffer from vibration issues. Also depending upon the measurement period, the application of the technique for dynamic phase changes can be limited 8 . These issues can be avoided, by extracting the twodimensional phase information from a single interferogram. Hilbert Phase microscopy 10 (similar to holography 11, 12 ) and digital holographic microscopy 13 (DHM) require single-shot interferogram to obtain the complete phase image of the cell. These techniques consists of, first separating the high frequency phase information from the zeroth order dc term by off-axis optical arrangement and then digitally filtering the phase information. Camera pixels may impose limitations on, the desired complete separation of high frequency terms from zeroth order. Filtering process like non-linear filtering is required to properly suppress the dc term, as shown by Pavillon 13 et al.
Though vibration and multiple data point requirement, may limit temporal modulation technique but they can provide better separation of phase information from the dc term and filtering process is less complex. In this method each camera pixel can be independently analyzed as a time domain signal, in order to extract the phase information at the pixel. In this paper two temporal techniques are presented, one to extract slow-varying phase information and other for instantaneously changing phase. To achieve temporal phase shifting, a heterodyne Mach-Zehender interferometer set-up is used. As discussed in section-2, the heterodyning is achieved using two down-shifted Acousto-optic Modulators (AOMs). Desired temporal carrier can be introduced, limited only by the Nyquist criterion for the detector. High-speed CCD cameras (> 1 KHz) provide high sampling rate thus maintaining the signal profile even after digitization. Since, no mechanically moving parts are involved there is no system induced vibration. To minimize the effect of environment induced noises, the period of measurement is kept short and during phase extraction all measured phase are referenced to certain reference pixels of the camera.
Digital heterodyne phase retrieval technique discussed in section-3, can be used when changes in the sample is very slow and effectively remains same during the measurement period. 
OPTICAL SET-UP
The experimental set-up is shown in Fig.1 . The coherent light from a green laser source (DPSS 532nm, Coherent Inc.) is coupled into single-mode optical fiber and then split into two paths by a fiber coupler (BS1). One of the fiber paths directs the laser light into a standard optical microscope (Olympus IX71) which is part of the test arm of Mach-Zehnder interferometer. A rigid free space optical configuration (BS2), added to the light port of the microscope, enables laser illumination in the microscope. The laser light follows the optical path of the microscope; where the light emerging from the fiber is directed through the condenser lens (C) and after passing through the sample (S) the light is gathered by the 20X microscope objective and redirected to the camera port. The other fiber path of the BS1 forms the reference arm of the interferometer. A beam-splitter (BS3) at the camera port combines the light from the microscope with the reference arm light beam. The path lengths of both arms are approximately matched and the reference arm wavefront shape is controlled by means of free-space optical lenses, to generate few fringes on the CCD camera. A monochrome camera CCD (Photron, PCI-R2), with acquisition rate upto 1000 Hz (for 240 x 256 pixels) is used for capturing the interference images. Since, the optical setting of the microscope platform (Olympus IX71) is not modified in any way, so it retains all its normal functionality for phase-contrast and fluorescence imaging.
Temporal phase modulation technique is employed to extract the phase information of the sample. To generate a temporal carrier, two fiber-coupled down-shifted Acousto-optic frequency modulators (AOM) are introduced in each arm of the interferometer, as shown in Fig.1 . AOM1 and AOM2 (M080-2E-F2P, from Gooch and Housego) are driven at frequencies, f 1 = 80 MHz and f 2 = 80 MHz -(Δf), to generate an optical heterodyne carrier with a frequency equal to Δf. The RF signals to the two AOMs are from a digitally controlled frequency synthesized RF driver (Gooch and Housego). The synthesizer ensures a stable carrier frequency (Δf) as the two RF generators are locked to each other by means of an internal clock. The piezoelectric transducer (PZT) controlled holder, in Fig.1 , is used only for dynamic phase extraction studies. It simulates cell-like motion and the vibration information is retrieved using dynamic phase extraction algorithm developed in section.4. Micro-lens array is used to demonstrate the phase imaging capability of the system. Finally, the digital heterodyne phase imaging technique is used to image a 3T3 fibroblast cell, which is immersed in the culture media. 
DIGITAL HETERODYNE PHASE RETRIEVAL
The output signal from a detector, for temporally phase modulated two-beam interference light, can be represented by the following equation.
( ) ( )
where, I R and I S are the light intensities of reference and test arm, respectively of a Mach-Zehender interferometer.
Δf is the frequency of phase modulation. In the present set-up this is achieved by beating two frequency shifted light beams (80MHz and (80MHz -Δf)). ϕ, the initial phase of the signal is related to the measurand.
Expressing, eqn.(1) in a compact form (eqn.2) and subsequently in complex form (eqn.3)
The general approach for digital heterodyne phase extraction consists of, first mixing the periodic signal with two locally generated sinusoidal signals (90 deg out of phase) which are then low-pass filtered. The resultant is equivalently the real and imaginary parts of the Fourier Transform of the signal at the frequency of the local oscillator. The phase of the signal is obtained as the arctangent of the ratio of the imaginary part and the real part 14 . Freischlad and Koliopoulos 14 have provided a detailed mathematical discussion on digital heterodyning and various phase extraction methods.
In this paper, the signal from the detector (eqn.3) is mixed with a digitally generated sine and cosine signal, having the same frequency Δf . Therefore To extract the phase information, the resultant signal is low-pass filtered. This is achieved by integrating it over the measurement period. The first two terms on the right hand side are eliminated by averaging over the time period, resulting in phase term,ϕ.
Integration is performed over a hanning windowed ten period signal, to reduce spectral leakages. Since, the optical set-up and phase-shifting technique doesn't involve any mechanically moving parts, so the noise effects will be from the environment. These noises mainly in the form of vibration are random and have different frequency components.
However, due to integration only phase term corresponding to Δf is extracted, all other periodic components are eliminated. Finally by subtracting the sample region, of the camera sensor, from non-sample region the offset error is removed.
Optical defects, especially aberration can limit the two dimensional phase map. For a given objective lens, a phase map without the sample is first obtained before any sample measurement. This is then subtracted from the sample phase map to remove the optical defects.
DYNAMIC PHASE EXTRACTION
The phase extraction technique presented in the previous section can be used only when unknown phase,ϕ, doesn't undergo any change during measurement period. Most of the phase extraction techniques developed for temporal phase modulation also assumes that the phase remains constant during the measurement period. A dynamic phase extraction technique is presented, for measuring short-time scale changes within live cells; which otherwise be difficult to measure using digital heterodyne technique.
When phase ϕ(t) is changing with respect to time, equation.2 can be expressed in the following way,
The presence of ϕ(t) broadens the spectra of Δf, by twice the highest frequency of ϕ(t). For proper extraction of ϕ(t), the broadened spectra should be completely separated from the dc term. This can be easily achieved in temporal domain with proper choice of Δf. Hilbert transform, can help in extracting the complete band of phase information 15 . Hilbert transform based algorithm developed for extracting the complete spectral components of dynamic phase, can be easily explained with the case of a vibrating mirror. The vibrating mirror introduces a sinusoidally varying phase, ϕ(t), which has single spectral component and is represented by the following equation The presence of sinusoidally varying phase term causes Δf to change with maximum shift determined by f m . With a band-pass filter centered over positive Δf term, the signal S(t) is filtered in frequency domain. Thus the dc-term, A in equation (7), is filtered out and therefore neglected in the further discussion. A frequency spectra consisting of only positive frequency components form a complex signal. Therefore, the real signal S(t) after band-pass filtering becomes a complex signal z(t) , where
The exponential term in the above equation is the instantaneous phase of the signal and from equation.7, ( ) 
In an alternate approach, the right side of equation. 10, will appear as the imaginary part of a ratio between the time derivative of the complex signal type z(t), (equation 8) and the complex signal, itself.
By extracting the imaginary part of equation. 11, the instantaneous frequency of the signal is obtained. The displacement information can be extracted the instantaneous frequency, by integrating the resultant with respect to time.
RESULTS AND DISCUSSION

Phase stability and accuracy measurement
For phase imaging and monitoring of changes in live-cells require high stability and good spatial resolution. The spatial resolution of the set-up depends upon the NA of objective lens and imaging system. Vibration issues and phase extraction techniques determine the temporal stability. Therefore, phase imaging and temporal stability of the system is first assessed, before cell imaging. The temporal phase extraction technique discussed in section 4 is employed. lens-lets, arranged in a quadratic grid. Since, micron-sized optical pieces display diffraction phenomenon so the micro-lens array sample is immersed in de-ionized water, so as to mimic a phase object. A temporal carrier (Δf = 60 Hz), generated by the heterodyne interferometer, carries the phase information about the microlens. The CCD camera (256x240) digitizes the phase shifting interference pattern at 1000 hz, which is well above the Nyquist criterion for sampling the temporal carrier. The sampled interference images form a 10 period intensity variation for each pixel. The initial phase of the intensity variation at each pixel is extracted by digital heterodyne phase extraction method. After processing the entire array, a wrapped two-dimensional phase information is obtained. The wrapped phase is unwrapped by a phase-unwrapping algorithm. To remove the background curvature and other optical artifacts, the phase image of the microlens is subtracted from the background phase, acquired for the same optical set up. The phase map of micro-lens array, obtained using the digital heterodyne phase extraction technique discussed in section 4, is shown in Fig.2(a) . The height profile (Fig.2(b) ) obtained using the interferometry technique follows the theoretical curve for a convex lens of similar dimensions. In order to assess the temporal stability of the system phase fluctuation in the background region, 30 x 120 camera pixel region, is monitored for 16 sec. A temporal carrier of 240 Hz, carrying the phase information is acquired by the CCD camera at 1000 Hz. To analyze the phase fluctuation within this region ( Fig. 3(a) ), standard deviation for each pixel is calculated. Since, each phase measurement directly corresponds to optical path length; a histogram plot of path length standard deviation is shown in Fig. 3(b) . The mean of the histogram has a value of 1.7 nm. This low value in phase noise is mainly due to the short phase measurement period and each measured phase being relative to certain region of the camera pixel. In order to explore the technique's ability to measure dynamic phase change, instead of a live-cell, a known vibration is introduced into the interferometer. The fiber port from the AOM2 is connected to a piezoelectric transducer (PZT) controlled holder ( Fig.1 ) and this mimics cell vibrations. The sinusoidal signal to the PZT is set to 30 Hz frequency and amplitude of 40 nm. This vibration sinusoidally varies the phase of the heterodyned interference signal reaching the detector. The carrier frequency (Δf) of the interference signal is set at 240 Hz. The phase modulated heterodyned interference signal is captured at 1000 Hz by 256x120 CCD (Photron, PCI-R2) monochrome camera. The spectra of the phase modulated signal at a pixel of the camera is shown in Fig.4(a) . The central peak and the first side bands correspond to the carrier frequency (240 Hz) and modulation frequency (30 Hz), respectively. The second peak on either side of the carrier frequency is due to vibration effects and is observed even when there is no phase modulation. The spectral analysis can provide information about the displacement. Small vibration amplitudes are proportional to the ratio between the carrier frequency and the first side band 16 . In Fig.4(a) , the ratio between the peaks at 240 Hz and (240+30 Hz) approximates to 40 nanometer.
Stimulated continuous phase change measurement
Spectral analysis method can provide only displacement amplitude and is limited to point measurements. From the imaging of the changes in live-cell perspective, the interests include certain region and instantaneous changes. When the phase is varying, the carrier frequency (Δf) of the interference signal no longer remains constant but varies depending on the amplitude and modulation frequency of the phase, as shown by eqn.7. Such a signal is defined by new frequency term called instantaneous frequency 15 . As elaborated in section 4, the instantaneous frequency information is effectively the rate at which the phase is varying. Therefore, by extracting the instantaneous frequency the temporally changing phase information can be obtained. The instantaneous frequency of the interference signal, for 30Hz and 40 nm vibration, is shown in Fig. 4(b) . From eqn.9, the amplitude of the profile is proportional to vibration amplitude, u and modulation frequency, f m . By integrating the instantaneous frequency information with respect to time and subsequently subtracting out the carrier frequency part, the time varying phase information can be extracted. Fig. 5 (a) & (b) presents the time varying phase for the vibration, in time and frequency domain respectively. Since, phase extraction is done temporally so each pixel can be analyzed independently and a two dimensional phase map can be reconstructed for each instant. The capability of heterodyne interferometer (Fig.1) to phase image live-cells is demonstrated for 3T3 fibroblast cell. 20X (0.40 NA) achromatic objective lens is used for imaging the cell. To extract the cell details from the interference pattern, a temporal carrier (Δf=240 Hz) is generated by the heterodyne interferometer and acquired at 1000 Hz, by the (256x240) CCD camera. The same phase extraction process employed for microlens array is used to extract the phase information of the cell from the interference pattern. The wrapped phase information is unwrapped using Quality guided method. The background phase is acquired for the same optical set up and subtracted from the 2-D phase image of the cell, to remove the background curvature and other optical artifacts.
Phase imaging of Fibroblast cells
The phase image of the 3T3 fibroblast cell, immersed in the culture medium is shown in Fig. 6 . For the temporal carrier of 240 Hz, the phase image of the cell is acquired in 40 milliseconds. Since, the Interferometric system provides nanometric level stability over few seconds, so sub-nanometric level stability could be expected during the measurement period. The cell nuclei are apparent in the images since they standout in profile from the surrounding cytoplasm and cell organelles.
CONCLUSION
Temporal carrier based phase extraction technique for phase imaging of cells, is presented. Generally, temporal carrier based techniques are susceptible to noise and require multiple frames of interferogram, captured over certain time period, to evaluate the phase. However, with a heterodyne interferometer where the AOMs introduce the temporal carrier signal, the measurement period can be greatly reduced. With a 240 Hz temporal carrier, phase images of a 3T3 fibroblast is acquired in 40 milliseconds. The noise present during this measurement period is suppressed by the digital heterodyne phase retrieval technique, to provide excellent temporal stability. The standard deviation of temporal fluctuation during 16 sec of phase measurement is below 2 nanometers. Since, the digital heterodyne phase retrieval technique evaluates the phase at pixel level, so multiple regions of interest can be monitored simultaneously. This phase retrieval technique can be employed for accurately quantifying cellular mass distribution and imaging slow changes in cells.
The dynamic phase extraction technique can be employed for imaging short time-scale changes in the cell. Commonly, single shot interference 10 and holography 13 techniques are employed for such measurements. The dynamic phase extraction technique is able retrieve nanometric level (40 nm) phase variation at 30 Hz frequency over 1 second measurement period. In the future work, this technique will be used for imaging live cell variations like fluctuations of cell membranes. Such measurements will be very useful in identifying the state of the cell.
